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esterases with active site effective volumes (cavity volume/SASA) above a threshold show greater substrate spectra, which can be further extended in combination with phylogenetic data. This measure provides also a 50 valuable tool for interrogating substrates capable of being converted. This measure, found to be transferred to phosphatases of the haloalkanoic acid dehalogenase superfamily and possibly other enzymatic systems, 52 represents a powerful tool for low-cost bioprospecting for esterases with broad substrate ranges, in large scale sequence datasets.
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Enzymes with outstanding properties in biological systems and the conditions favoring their positive 56 selection are difficult to predict. One of these properties is substrate promiscuity, which typically refers to a broad substrate spectrum and acceptance of larger substrates. This phenomenon is important from 58 environmental, 1 evolutionary, 2-5 structural, [6] [7] [8] and biotechnological 9,10 points of view. The relevance of substrate promiscuity is indisputable as the operating basis for biological processes and cell function. As 60 example, the evolutionary progress of enzymes from lower to higher substrate specificity allows the recruitment of alternate pathways for carbon cycling and innovations across metabolic sub-systems and the 62 tree of life by maximizing the growth rate and growth efficiency. 11 Promiscuous enzymes are energetically more favorable than specialized enzymes, 4 and therefore, the cell does not require many different enzymes 64 to take up substrates, favoring genome minimization and streamlining. 12 In addition, the acquisition of new specificities without compromising primary or ancestral ones is a major driver of microbial adaption to 66 extreme habitats. 13 From a more practical standpoint, along with requirements of a technical nature such as selectivity, scalability and robustness, a narrow substrate spectrum is one of the most frequent problems for 68 industrial enzyme applications. 14 A consensus exists that "the more substrates an enzyme converts the better", opening application ranges with consequent reduction of the production cost of multiple 70 enzymes. 10, 14, 15 Enzymes with wide substrate ranges occur naturally, as systematically investigated for halo-alkane 72 dehalogenases, 16 phosphatases, 1 beta-lactamases 2, 17 and hydroxyl-nitrile lyases. 5 Some enzymes are more 3 promiscuous than others simply due to their fold or degree of plasticity or the presence of structural elements 74 or mutations occurring under selection in the proximity of the active-site cavity and access tunnels favoring promiscuity. However, the general explanation, if any, by which an enzyme binds and converts multiple 76 substrates are unknown, although molecular insights have been reported for single enzymes. 18 A tool that can clearly distinguish promiscuous vs non-promiscuous enzymes and suggest substrates potentially being 78 converted or not by them, might therefore be valuable to apply low-cost sequencing in discovery platforms in any biological context.
80
In an ideal scenario, functional characterization of enzymes with genomics 19 and metagenomics 10, 20 techniques using a large library of substrates would guide the analysis of sequence-to-promiscuity 82 relationships and explore the mechanistic basis of promiscuity. In addition, such studies may help identify a new generation of highly promiscuous microbial biocatalysts. However, extensive bioprospecting and 84 biochemical studies are rare, 10 despite the growing number of sequences available through low-cost Fig. S1 ). A phylogenetic analysis also indicated that sequences belong to bacteria 114 distributed across the entire phylogenetic tree (Supporting Information, Results and Fig. S2 ).
The 145 putative proteins exhibited maximum amino acid sequence identities (Supporting Information, 116 
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The substrate profiles of all EHs were examined using a set of 96 chemically and structurally distinct esters (Supporting Information, We determined the probability of finding an EH with a broad substrate profile by plotting the number of 158 esters that were hydrolyzed by all preparations. Phylogeny is a predictive marker of substrate promiscuity. Hierarchical clustering was performed to evaluate the differences in substrate range patterns (Fig. 2 ). For the sake of simplicity, clustering was 168 performed for those EHs that hydrolyzed 10 or more esters (i.e., 107 total EHs). We first observed a large percentage of enzymes with presumptive broad active site environments that accommodated large aromatic 170 and sterically hindered esters such as benzyl (R)-(+)-2-hydroxy-3-phenylpropionate (49% of the total), benzoic acid-4-formyl-phenylmethyl ester (27%), 2,4-dichlorophenyl 2,4-dichlorobenzoate (8%), 2,4-172 dichlorophenyl 2,4-dichlorobenzoate (5%) and diethyl-2,6-dimethyl 4-phenyl-1,4-dihydro pyridine-3,5-dicarboxylate (1%). Therefore, even though the EHs in this study were identified by a selection process 174 based on the utilization of short esters (see Supporting Information, Methods), the isolation of EHs with ample substrate spectra and the ability to hydrolyze very large substrates was not compromised.
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We detected drastic shifts in substrate specificity ( Fig. 2) , with glyceryl tri-propionate as the only substrate hydrolyzed by all EHs. This is consistent with the high sequence variability within EHs, with an 178 average pairwise identity of 13.74%. We then sought to determine the primary factors shaping the substrate range and thus defined different functional clusters. First, we observed that global sequence identity was of 180 limited relevance for inferring the substrate range because no correlation was found (r 2 = 0.25) between the differences in identity and the number of esters that were hydrolyzed (Supporting Information, Tables S1   182   and S2) . Second, comparisons of the substrate range and the hydrolysis rate (U g -1 for the best substrates) 6 were performed (Supporting Information, Table S1 ). No correlation existed (r 2 = 0.073), suggesting that our 184 assay conditions allow evaluating promiscuity level whatever is the hydrolytic rate of the EH. In addition to the low correlation values, no threshold above or below which one could qualitatively classify substrate 186 range was observed in both cases, so that sequence identity and hydrolytic rate are neither predictive nor classification parameters of promiscuity. Additionally no link between substrate range and habitat was found 188 because EHs from the same bio-source fell into separate clusters (Fig. 2 ). Phylogeny-substrate spectrum relationships were further examined. Fig. 2 seems to have a wide active site environment as, under our assay conditions, it accepted 72 esters ranging from short (e.g., vinyl acetate) to large (e.g., 2,4-dichlorobenzyl-2,4-dichlorobenzoate) (Fig. 2) . We also 212 obtained crystals of recombinant EH102, which was isolated from the same habitat 28 but had a restricted substrate range, hydrolyzing only 10 of the 96 esters tested (Fig. 2) . Crystallographic data and refinement 214 statistics for the two structures are given in Supporting Information, Table S4 .
To rationalize the substrate range shown by EH1 and EH102, we performed substrate migration studies 216 using the software Protein Energy Landscape Exploration (PELE), which is an excellent tool to map ligand migration and binding, as shown in studies with diverse applications. [30] [31] [32] To map the tendency of a substrate 218 to remain close to the catalytic triad, the substrate was placed in a catalytic position, within a proton abstraction distance from the catalytic serine, and allowed to freely explore the exit from the active site. The 220 7 PELE results for both proteins and glyceryl tri-acetate are shown in Fig. 3a . Clearly, EH1 has a significantly better binding profile, with an overall lower binding-energy and a better funnel shape, whereas EH102 had a 222 qualitatively unproductive binding-energy profile. This difference in the binding mechanism can be explained by the catalytic triad environment. EH1 has a somewhat wide but buried active site, whereas
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EH102 has a surface-exposed catalytic triad (Fig. 4a) . These structural differences translate into significant changes in the active site volume, as defined using Fpocket; the active site cavity of EH1 is 3-fold larger 226 than that of EH102. Moreover, important changes are observed when inspecting the solvent exposure of the cavity. Fig. 3b shows After defining key points underlying the promiscuity of EH1, i.e., a larger active site volume and a lower 234 SASA (Fig. 4a) , we extended the analysis to other EHs. First, we collected all 11 available crystal structures (Supporting Information, Table S1 ) and computed the active site volume and relative SASA of the catalytic 236 triad (Fig. 5, square symbols) . We next extended the analysis to the rest of the EHs using homology modeling (using the 11 crystals available) and produced a structural model for 84 additional enzymes. The 238 missing ones were those with sequence identities of less than 25% (to an existing crystal) or those for which the catalytic triad could not be unambiguously identified (i.e., not suitable alignments). because above the 62.5 Å 3 -threshold, the capability to hydrolyze more or less substrates may specifically depend on the topology of the catalytic environment (Fig. 4a-c) , which may differ within families.
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Particularly, none of the different family members that conformed to the ≥62.5 Å 3 -threshold except those from FIV (i.e., at least 50% of its members as shown in Fig. 5 Fig. S3 ). All but two (vinyl crotonate and ethyl acetate) could be considered large alkyl or hindered aromatic esters, and included important molecules in synthetic organic chemistry such 262 paraben esters. This suggests that active sites with larger volume and a lower SASA (i.e. cavity less exposed to the surface) will most likely support hydrolysis of these esters. Therefore, the effective volume measure 264 could be used to some extent as an indicator of substrates that may or may not be hydrolyzed by EHs.
However, not all EHs fitting the ≥62.5 Å 3 -threshold could convert all these 34 esters, implying that this 266 measure does not allow deepening into substrate specificity, which may depend on the topology of the catalytic environments as mentioned previously (Fig. 4a-c) . However, we found that the probability that 268 benzyl-, butyl-and propyl-paraben esters, major intermediates in chemical synthesis, are converted by members of the FIV with an effective volume ≥62.5 Å 3 is significantly higher (~35%) than that of EHs from 270 FIV but < 62.5 Å 3 and EHs from other families whatever the value of the effective volume (approaching zero percent in our study); for those EHs for which effective volume could not be calculated this probability 272 is as low as 1.9% ( Supporting Information, Fig. S4 ). This again exemplifies that the effective volume measure, when combined with phylogenetic information, is not only indicative of a promiscuity level but 274 also can be used to predict the capacity to hydrolyze esters such as paraben esters. Screen programs to find Table   S5 ) and computed the active site effective volume. We restricted the analysis to C2 cap members as they 284 were reported to have a broader substrate spectra 1 and crystal structures with low to high effective volume are available. Interestingly, we observed that the effective volume (using the two conserved aspartic catalytic 286 residues as the corrective SASA factor) was highly correlated (r 2 =0.92) with the substrate range (Fig. 6) .
Thus, the effective volume can be used as a molecular classification parameter of substrate promiscuity of 288 phosphatases of the HAD superfamily when crystal structures are available. When this analysis was extended to the rest of the enzymes using homology modeling, we observed a similar trend to that of EHs
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( Supporting Information, Fig. S5 Fig. S6, Fig. S7 ). Application of the effective volume measure to examine the sequences daily generated or deposited in databases requires having some 320 crystals or X-ray structures for the model production. This limitation prevents predicting promiscuity from sequences lacking any structural information. Indeed 36% of the EHs in this study (52 of the 147, including
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CalA/B) could not be included in the correlation because no calculation was possible. Accumulation of structural information and design and application of better modelling algorithms in the future will help 324 solving this limitation. 35 Future studies might also explore molecular dynamics (MD) simulations to measure also the flexibility of the active site and not just the size of the cavity. By using this strategy it was recently 326 reported that the broad promiscuity of the members of the alkaline phosphatase superfamily arises from cooperative electrostatic interactions in the active site, allowing each enzyme to adapt to the electrostatic 328 needs of different substrates. 36 In the particular case of EHs phylogeny, a marker which does not require a 10 three dimensional structure, was also suggested as a predictive classification marker of the substrate range.
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Indeed, this study suggests that in case of an unknown EH for which a crystal structure is not available or a homology model could not be established, then its assignation to Family IV 14, 23 increases the likelihood that 332 this EH is promiscuous.
The present study not only provides clear evidence that substrate promiscuity in EHs has evolved from 334 different core structural domains fitting an effective volume around the active site, albeit with a bias toward that occurring in FIV members, but also from different phylogenetic lineages, many of which remain 336 underexplored to date (Supporting Information, Results and Fig. S2 ). These are new findings as it was previously thought that the substrate range in a superfamily increased from a single ancestral core domain ,   1   338 and because the identities of some microbial groups containing promiscuous enzymes, herein EHs, were previously unknown. Finally, this study also enabled the selection of a set of EH candidates that can 340 compete with best commercial EHs such as CalB, as they show a broader substrate profile and specific activities up to 3-fold higher (Supporting Information, Table S6 ). Their sequences can be used to search Table S1 .
Ester bond hydrolysis activity assessment: substrate profiling tests with 96 esters. Hydrolytic 356 activity was assayed at 550 nm using 96 structurally diverse esters in 384-well plates as previously Table S3 382 and The initial structures were taken from the coordinates of the EH1 and EH102 crystal structures (PDB codes:
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5JD4 and 5JD3, respectively). The protonation state of titratable residues was estimated with the Protein Preparation Wizard (PROPKA) 40 and the H++ server (http://biophysics.cs.vt.edu/H++) followed by visible 394 inspection. At pH 8 (the pH at which the activity assays were performed), the catalytic triad histidine residues were δ-protonated, and the catalytic triad aspartic acid residues were deprotonated, resulting in the 396 formation of a histidine-serine and histidine-aspartic hydrogen-bonding network. The glyceryl acetate structure was fully optimized with Jaguar 41 in an implicit solvent, and the electrostatic potential charges 398
were computed with the density functional M06 at the 6-31G* level of theory. The ligand parameters were extracted from these for the classic simulations. shows the data in Supporting Information, Table S3 , we used the drawing tools provided by the basic core 616 packages of R. The hierarchical clusters of the enzymes (shown at the top) and substrates (shown on the right side) were generated by calculating a distance matrix using a "binomial" method and the hclust 618 function to generate the tree. Using the functions as.phylo and plot.phylo from the ape package, the clusters were added to the top and right of the figure. A combination of the Set1 palette from the R package 620
RColorBrewer and colors from the basic palette from R were used as the color palette for sequences assigned to each family (F) (see inset), including FI to FVII, carbohydrate esterase (CE), and carbon-carbon 622 meta-cleavage product hydrolase (C-C MCP) families, all with a typical α/β hydrolase fold; FVIII serine beta-lactamase with non α/β hydrolase fold; and cyclase-like protein from the amido-hydrolase superfamily.
624
Sequences that were not unambiguously ascribed to existing families were referred to as "Unclassified", and those of yeast origin were assigned to "yeast class". The two "clusters" C1 and C2 that contained the most 626 substrate-promiscuous EHs are color-coded under a shadowed background. Table S5 .
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The panels contain information for HAD phosphatases for which crystal structures were available and the catalytic residues identified. The active site effective volume (in Å 3 ) was calculated as described in Fig. 5 .
